The ice-albedo feedback is a potentially important de-stabilizing effect for the climate of terrestrial planets. It is based on the positive feedback between decreasing surface temperatures, an increase of snow and ice cover and an associated increase in planetary albedo, which then further decreases surface temperature. A recent study shows that for M stars, the strength of the ice-albedo feedback is reduced due to the strong spectral dependence of stellar radiation and snow/ice albedos, i.e. M stars primarily emit in the near-IR, where the snow and ice albedo is low, and less in the visible where the snow/ice albedo is high.
the ice-albedo effect for both stellar types considered. For planets around Sun-like stars, O 3 could also lead to a very strong decrease of the ice-albedo feedback at high CO 2 pressures.
Introduction
The ice-albedo feedback is a very important positive feedback for the Earth's climate. In simple words, it describes the possible runaway cooling of the planetary surface. Decreasing surface temperature leads to an increase of snow and ice cover, which increases the surface albedo. Hence, more incoming stellar radiation is reflected back to space, which in turn decreases surface temperature.
A recent work by Joshi and Haberle (2012) connected this ice-albedo feedback to exoplanets and the habitable zone (HZ). The HZ is defined as the region around a star where a planet with a suitable atmosphere could have liquid water on the surface, hence the potential for life as we know it (Kasting et al. 1993) . Calculations presented by Joshi and Haberle (2012) showed that the planetary albedos for planets orbiting M stars are much lower than for planets orbiting Sun-like stars because of the strong spectral dependence of both ice and snow albedo and the stellar spectrum. Hence, the ice-albedo feedback is much less important for planets orbiting M stars. Based on these results, Joshi and Haberle (2012) stated that the outer boundary of the HZ is more extended around M stars than around G stars since planetary albedos are much lower.
However, the ice-albedo feedback is not the key factor when determining the extent of the outer boundary of the HZ. It is usually assumed that geochemical cycles such as the carbonate-silicate cycle (e.g., Walker et al. 1981; Abbot et al. 2012 ) will stabilize the climate (e.g., Kasting et al. 1993; Selsis et al. 2007 ). The outer boundary of the HZ is then determined by the interplay between an increase of planetary albedo with increasing CO 2 and the atmospheric greenhouse effect provided by CO 2 (Kasting et al. 1993) . A higher planetary albedo does not neces-sarily imply lower surface temperatures, as has been shown by, e.g., , or Mischna et al. (2000) . Still, at one point, an increase in planetary albedo will lead to cooler surface temperatures, an effect known for CO 2 as the maximum greenhouse effect (Kasting et al. 1993) . Furthermore, atmospheres towards the outer edge of the HZ are assumed to be very dense (of the order of several bars of CO 2 , Kasting et al. 1993) , implying that the influence of surface albedo on the planetary energy budget is probably rather small (see, e.g., Wordsworth et al. 2011 for 3D investigations of the outer HZ). Therefore, conclusions on habitability and the extent of the HZ cannot be easily drawn from the investigation of the ice-albedo feedback.
Nevertheless, the ice-albedo feedback is still an important process for the atmospheric and climate evolution of the Earth. It is generally accepted that Earth encountered several global glaciation episodes (the so-called snowball Earth, e.g., Kirschvink 1992 , Hoffman et al. 1998 , Hyde et al. 2000 , Kasting and Ono 2006 and, more recently, ice ages with widespread glaciations down to mid-latitudes (e.g., Tarasov and Peltier 1997) . Some of these snowball episodes coincide with major events in the evolution of the biosphere, such as the advent of atmospheric O 2 (Kasting and Howard 2006; Goldblatt et al. 2006 ) and multicellular organisms (Hyde et al. 2000) . Rapid, perhaps geologically or biologically induced, changes in atmospheric composition might have been responsible for triggering these glaciations (e.g., Pavlov et al. 2003) .
Therefore, it is of interest for astrobiology and a comprehensive theory of atmospheric evolution to investigate whether planets orbiting other central stars might also be subject to such feedbacks. The work by Joshi and Haberle (2012) calculated planetary albedos based on surface albedos and did not take explicitly the atmosphere into account. However, atmospheric properties such as surface pressure or atmospheric composition have a potentially large influence on the planetary albedo, hence the ice-albedo feedback. In this work, we present similar calculations as in Joshi and Haberle (2012) , but with a plane-parallel radiative transfer model which incorporates the radiative effects of an atmosphere. The model is used to calculate planetary albedos of prescribed atmospheric scenarios when varying atmospheric properties (such as atmospheric composition and surface pressure). In a complementary approach, Shields et al. (2013) used a combination of 2D and 3D models to assess the development of ice and snow cover on planets orbiting M, G, and F stars upon decreasing stellar insolation. However, the considered planetary atmospheres were Earth-like in terms of surface pressure and composition. With a 1D radiative transfer model, Shields et al. (2013) also calculated planetary albedos as a function of CO 2 partial pressure, however without considering additional trace species, such as water, ozone, or methane.
The paper is organized as follows: Sect. 2 presents the model and scenarios, Sect. 3 the results and Sect. 4 a discussion of additional aspects. We summarize the results and conclude with Sect. 5.
Methods

Radiative transfer
We used a plane-parallel radiative transfer model to obtain planetary albedos of a wide range of prescribed, fixed atmospheric scenarios. The radiative fluxes important for the planetary albedo (i.e., stellar radiation) are calculated for a spec-tral range of 0.237-4.545 µm, divided into 38 spectral intervals. Scattering is treated based on a δ-Eddington-2-stream algorithm summarized by Toon et al. (1989) . The frequency integration is performed using correlated-k coefficients in up to 4-term exponential sums (Wiscombe and Evans 1977) . Gaseous opacities are taken from and Karkoschka (1994) . Rayleigh scattering is incorporated using approximations presented by von , Vardavas and Carver (1984) , and Allen (1973) .
The pressure grid in the model atmospheres is determined from the surface pressure p surf up to a pressure of 6.6×10
−5 bar at the model lid, divided into 52 model layers, approximately spaced equidistantly in log (pressure),
Model procedure
The planetary albedo A p is calculated as a Bond albedo in the model, i.e.
where F u is the spectrally integrated upwelling shortwave flux at the top of the atmosphere, F * the total stellar insolation, A p,λ the spectral albedo and F * ,λ the spectral stellar insolation. As can be seen easily from this formulation, the planetary albedo of a given atmosphere is independent of orbital distance. F * ,λ was approximated by stellar spectra for the Sun (as a G-star proxy) and AD Leo (representing an M-type star, with 0.41 solar radii, 0.4-0.5 solar masses and an effective temperature of ≈3,400 K, see e.g. Leggett et al. 1996 , Segura et al. 2005 . Spectra were taken from and are shown in Fig. 1 . The total stellar insolation is scaled to modern-day Earth insolation (i.e., F * =1,366 Wm −2 ). To investigate the influence of different atmospheric and surface properties on planetary albedo, we prescribed atmospheric composition, the surface pressure and the temperature profile for our calculations. Unless otherwise specified, the temperature profile was fixed at the modern-Earth profile T m (z) (z altitude), taken from . The stellar zenith angle was fixed at 60
• to simulate globally averaged conditions.
Parameter variations
We used two different types of surface albedo parameterizations. The first parametrization employed the wavelength-dependent surface albedos A S of ice and snow, as shown in Fig. 2 . We took spectral albedo data presented in Joshi and Haberle (2012) , which were originally obtained from measurements in Antarctica (Brandt et al. 2005 , Hudson et al. 2006 . Note that the albedo remains constant at wavelengths 1.5 µm (for ice, Brandt et al. 2005 ) and 2.4 µm (for snow, Hudson et al. 2006) since respective measurements were restricted to these spectral ranges. The second parametrization used a constant (wavelength-independent) surface albedo (values of 0.1, 0.2, 0.7 and 0.9, with 0.1 being close to present Earth's mean surface albedo, Rossow and Schiffer 1999).
The most important parameter for determining the location of the outer edge of the habitable zone is the CO 2 partial pressure. We performed calculations for 22 CO 2 partial pressures ranging between 0.1 and 30 bar. as a function of altitude z were set to follow the temperature-dependent saturation vapor pressure p vap,H 2 O (T ), i.e. model atmospheres were assumed to be fully saturated:
Atmospheric temperatures T (z) were set to the modern-Earth profile (i.e., T (z) = O 3 can build up abiotically in CO 2 -rich or strongly UV-irradiated atmospheres to quite large concentrations (e.g., Selsis et al. 2002 , Domagal-Goldman and Meadow 2010 and could furthermore be the by-product of an oxygen-producing biosphere.
It features strong absorption bands in the UV and visible part of the spectrum where Rayleigh scattering is strongest. Therefore, we performed sensitivity studies where we introduced an artificial ozone profile in the model atmospheres (1x and 10x modern Earth's concentrations following a mean Earth profile from , with the ice and snow surface albedos). We note that 10x modern Earth levels most likely represent upper limits for the O 3 profile. However since we aim at performing sensitivity studies only, we take this case as an end-member case.
All the simulations were done for an AD Leo and a Sun spectrum (see Fig. 1 ). Note that we did not include N 2 in our model atmospheres, despite the fact that it is present in substantial amounts in all terrestrial atmospheres of the solar system (i.e., Venus, Earth, Mars, Titan). The reason is that N 2 does not feature absorption bands or lines in the visible and near-IR which are strong enough to affect the albedo and its Rayleigh scattering coefficient is nearly a factor of three smaller than for CO 2 (Vardavas and Carver 1984) . Figure 4 shows the spectral albedos for three different values of the CO 2 pressure of scenario 1 from Table 1 . It is clearly seen that an increase of CO 2 increases the spectral albedo in the visible (due to Rayleigh scattering) and decreases the spectral albedo in the near-IR (due to enhanced absorption). In general, the behavior of the spectral albedo follows the snow and ice spectral albedo in Fig. 2, i.e. a high spectral albedo in the visible and a rather low spectral albedo in the near-IR.
Results
Atmospheric flux profiles
Planetary spectral albedo
An important difference between ice and snow scenarios occurs near 1 µm where the calculated albedos differ by a factor of about 3. This spectral region is important since a rather large part of stellar radiation is emitted there. Note that for the visible part of the spectrum, where Rayleigh scattering is important, an increase of CO 2 from 0.1 bar to 10 bar does not significantly affect the spectral albedos for the snow surface case. In contrast, for the ice surface case, the effect is clearly distinguished. This is due to the very high visible albedo of snow (∼0.9) in this spectral range, hence the surface reflection dominates the spectral albedo in the visible, independent of atmospheric conditions. The calculated values of the spectral albedos correspond well to values presented by Shields et al. (2013) . It is clearly seen that the central star type has a large effect on the planetary albedo. At high CO 2 partial pressures, planetary albedos for the planet around the Sun are 2-3 times higher than for the planet orbiting around AD Leo. This is of course due to the different spectral distribution of stellar energy (see Fig.   1 ). In terms of energy-equivalent orbital distance, this implies that planets around M-stars could be 10-20 % farther away from their central star and still receive the same net stellar energy input into the atmosphere. This fact is the basis for the claim of Joshi and Haberle (2012) that the HZ around M-stars is widened with respect to the HZ around G-stars.
Planetary albedo
As expected, planetary albedos are higher for snow surface albedo than for ice surface albedo. However, with increasing CO 2 partial pressure, the difference becomes noticeably smaller. For very dense, almost entirely optically thick atmospheres, planetary albedos will converge to a value independent of surface albedo.
Interestingly, the amount of CO 2 has a rather weak effect on the planetary albedo when using ice and snow albedos. This was already implied in Figs. 3 and 4. The behavior of the atmospheric spectral albedo is similar to the spectral albedo of ice and snow (see Fig. 2 ). As before in Sect. It is clearly seen that this decreases the planetary albedo. The effect is somewhat stronger for AD Leo than for the Sun. For example, for the ice surface albedo at 1 bar of CO 2 , when using the modern-day temperature profile and corresponding H 2 O profile (see Eq. 2), the planetary albedo decreases from 0.2 to 0.13 for AD Leo, but only from 0.45 to 0.40 for the Sun. This shows that even small amounts of water can enhance the effect of the stellar type on planetary albedo. Fig. 7 shows the effect of increasing CH 4 concentration on the calculated albedo. Again, the effect is much stronger for AD Leo than for the Sun. It has a large impact for the Sun, but its effect is almost negligible for AD Leo, as expected from the spectral distribution of the stellar energy (see Fig. 1 ). O 3 most strongly absorbs at wavelengths below 0.5 µm where AD Leo does not emit much radiation, compared to the Sun. upwards by gas molecules or the surface can in turn be scattered down again by the cloud. Thus, the amount of downwelling short-wave radiation in the lower atmosphere can be higher if a cloud is present compared to the cloud-free cases presented in this study.
The exact impact on the incident stellar radiation is a direct function of the cloud's particle sizes. Particles with sizes near 0.1 µm will have a Rayleigh scatteringlike effect, i.e. they will contribute to the ice-albedo feedback in the same way as the scattering by gas molecules presented in this study. On the other hand, the optical properties of particles with sizes larger than a few µm are essentially flat in the visible and NIR (e.g., . Compared to the cloud-free cases, this would lead to a constant offset in the planetary albedo which is almost independent from the incident stellar radiation (see e.g., Kitzmann et al. 2011 
Land-ocean distribution
On Earth, the mean surface albedo is A S =0.13 (Rossow and Schiffer 1999) , with the oceans (A ocean =0.05) being less reflective than the continents. The Martian surface albedo is much higher than this (A mars =0.21, Kieffer et al. 1977) . Also, different types of land (deserts, bare rock, forests, etc.) have different spectral surface albedos. Land plants have emerged not earlier than about 600 million years ago on Earth (e.g., Kasting and Howard 2006) , which demonstrates that profound changes of a planets surface albedo might happen during its evolution. Therefore, it is expected that the land-ocean ratio and the distribution of continents might have a large influence on the overall surface albedo, and by extension, on the sensitivity of the planet to the ice-albedo feedback.
Since this land-ocean ratio and the continental distribution might also change during the planetary evolution (e.g., Pesonen et al. 2012) , the strength of the icealbedo effect might also change quite a lot over the course of the planetary evolu-
tion. An investigation with 2D or 3D atmosphere models would be necessary to assess the strength of these effects.
Albedo measurements
Surface and atmospheric properties of terrestrial exoplanets such as continents, oceans or ice, snow, and cloud coverage induce photometric variability in the visible-near IR light curves and affect measured secondary eclipse albedos. Recent studies have suggested that it might be possible to infer such properties from spectro-photometric observations (e.g., Oakley and Cash 2009 , Fujii et al. 2010 , Cowan et al. 2011 . Albedo measurements might be indicative of snowball planets (e.g., Cowan et al. 2011) . Such observations are easiest for transiting planets and could be performed near secondary eclipse. For hot giant planets, this has already been done (e.g., Snellen et al. 2009 , Borucki et al. 2009 , Parviainen et al. 2013 ).
Even if they were feasible for terrestrial, potentially habitable planets, it is questionable whether broadband photometric measurements of the reflected light could be useful to constrain the surface albedo and atmospheric characteristics.
The contrast C R between star and planet in reflected light close to secondary eclipse depends on planetary radius R P , planetary albedo A P and orbital distance d:
For an Earth around the Sun (d=1 AU), this translates into C R ∼ A P · 1.8 × 10 −9
(e.g., Kitzmann et al. 2011 is very difficult to infer the atmospheric properties (i.e., surface pressure, amount of radiative trace gases). For planets orbiting around Sun-like stars, it may be possible to distinguish between ice-free and ice-covered planets at low CO 2 pressures. If a high albedo would be measured, however, the albedo solution is no longer unique, i.e. it might be an ice-covered planet at low or high atmospheric pressure or even an ice-free planet with a dense CO 2 atmosphere or clouds.
Therefore, the characterization of the atmosphere and surface is not likely to be possible with secondary eclipse observations. To break degeneracies, additional observations are needed. Especially transmission spectroscopy during primary transit could be used to put constraints on atmospheric scale height and surface pressure (e.g., von Paris et al. 2011, Benneke and Seager 2012) , thus helping to interpret measured planetary albedos. These observations would, however, require large telescope facilities to reach sufficient S/N ratios (e.g., Hedelt et al. 2013) This in turn influences the radiative forcing associated with an ice or snow surface albedo, hence could strongly suppress the ice-albedo feedback. The presence of small amounts of H 2 O and CH 4 effectively weakens the ice-albedo effect by several percent in planetary albedo for both stellar types considered. In addition, for planets around Sun-like stars, significant amounts of O 3 could also lead to a very strong reduction of the ice-albedo feedback at high CO 2 pressures.
